Phylogenetic analyses of 56 type species of Nocardia were conducted using the partial nucleotide sequences of the gyrase B-encoding gene (gyrB). The interspecies similarities of the gyrB gene for the 56 type species were 82.4-99.9 %, which corresponded to 270-2 nt differences in the partial gene sequences of approximately 1200 nt. In comparison with phylogenetic relationships, gyrB gene sequence information was generally consistent with that of 16S rRNA gene sequences with minor exceptions. However, the degree of divergence of the gyrB gene sequences was approximately 3.6 times greater than those of the 16S rRNA gene, suggesting a higher discriminative power of gyrB sequence information compared with 16S rRNA gene sequences for Nocardia species. The Nocardia type species were clustered based on gyrB sequence similarity values of 93.5 % and above. Among the 56 type species, 38 were distributed in 13 clusters, each comprising 2 to 7 species. The remaining 18 species were classified into an independent cluster, in which the similarity between each species and the other 55 Nocardia species was less than 93.5 %. Among the eight mycolic acid-containing actinomycete genera in the suborder Corynebacterineae, Nocardia was clearly differentiated from the other genera, such as Rhodococcus, by gyrB gene analyses (similarity values of gyrB sequences for Nocardia and Rhodococcus were 75-85 %), indicating that the gyrB gene is a useful alternative to the 16S rRNA gene for the determination of phylogenetic relationships between the genus Nocardia and the seven other actinomycete genera.
INTRODUCTION
Members of the genus Nocardia are ubiquitous in the environment. They can be found worldwide as saprophytic components in fresh and salt water, soil, dust, decaying vegetation and decaying faecal deposits from animals (Brown-Elliott et al., 2006) . Most Nocardia species can cause infections in both immunocompetent and immunocompromised patients (Conville et al., 2004) . Infection has been considered to occur by inhalation from environmental sources, mainly soil; pulmonary disease is therefore the most common clinical form. The recent increase in immunocompromised patients has led to soaring numbers of nocardiosis patients (Kageyama et al., 2004a, b; Poonwan et al., 2005) . Reportedly, Nocardia species show a species-specific drug susceptibility pattern (Ishikawa et al., 2004; Yazawa et al., 1993) . Therefore, early species determination is necessary to start the correct drug therapy.
Nocardia species are currently being characterized extensively by molecular analysis, in addition to chemical and biochemical analysis (Chun & Goodfellow, 1995; Hoshino et al., 2007) . The sequence of the 16S rRNA gene has been widely used as a molecular marker to estimate relationships in bacterial phylogeny (Goodfellow, 1998) . However, the 16S rRNA gene has a low mutation rate in evolution, which occasionally makes discrimination between closely related species, such as Nocardia abscessus and those in the Nocardia nova complex, difficult (Conville et al., 2004) .
The gyrase B-encoding gene (gyrB), which encodes the bsubunit of DNA gyrase, a type II DNA topoisomerase, is present universally among Gram-positive and Gramnegative bacteria. Yamamoto & Harayama (1995) used the gyrB gene in the taxonomic classification of Pseudomonas putida and found that gyrB gene sequence information was more useful than that of the 16S rRNA gene because the base substitution frequency of the gyrB gene was much higher than that of the 16S rRNA gene. Recently, we also reported the usefulness of gyrB gene information for phylogenetic studies of Gordonia (Kang et al., 2009) . In the present study, we analysed the phylogenetic relationship of 56 type species of Nocardia based on gyrB gene sequences and compared the results with those from the 16S rRNA gene.
METHODS
The bacterial strains used in this study are presented in Table 1 . Type strains of each Nocardia species from the culture collection of the Medical Mycology Research Center, Chiba University, Japan [formerly the Research Center for Pathogenic Fungi and Microbial Toxicoses (IFM strains)] were used. They were cultured in MullerHinton II broth (Difco Laboratories) with 1 % glucose and 1 % glycerol at 30 uC for 1 week (Kageyama et al., 2005) . The PCR amplification procedure for the gyrB gene for most Nocardia species was applied without a DNA extraction procedure. The preparation for direct PCR amplification was as follows: 1 PCR bead (Ready-ToGo PCR beads; GE Healthcare), 22 ml dH 2 O, 1 ml forward primer (20 pM), 1 ml reverse primer (20 pM) and 1 ml diluted culture were added to each test tube for PCR amplification. Fresh cultures of all Nocardia strains in this study were diluted with dH 2 O at a concentration equal to a McFarland standard 4.0. However, when amplification was not successful, the DNA extraction was processed according to the instructions for the Isoplant II kit (Nippon Gene) for bacteria and yeast. Partial sequences of the gyrB gene were amplified using PCR with degenerate universal PCR primers, as described by Yamamoto & Harayama (1995) , with slight modifications. The modifications of primers were based on the genome sequences of Nocardia farcinica (Ishikawa et al., 2004) . The primer sequences are presented in Table 2 . The amplification reactions were performed under the following conditions: initial denaturation at 94 uC for 5 min, followed by 30 cycles of denaturation at 95 uC for 1 min, primer annealing at 55 uC for 1 min and extension at 72 uC for 1.5 min, with a final extension at 72 uC for 10 min.
The PCR products were purified using ExoSAP-IT (GE Healthcare). Cycle sequencing was performed using a BigDye terminator v1.1 cycle sequencing kit (PE Applied Biosystems), as described previously (Kageyama et al., 2004d) . Determination of the nucleotide sequences for the PCR products was performed using an automated genetic analyser (ABI Prism 3100; PE Applied Biosystems).
The gryB gene sequences determined in this study and the 16S rRNA gene sequences obtained from GenBank were aligned using CLUSTAL W (Thompson et al., 1994) . Nucleotide substitution rates (K nuc values) were calculated (Kimura, 1980) , and phylogenetic trees were constructed using the neighbour-joining method (Saitou & Nei, 1987) . Bootstrap values based on 1000 replications are listed as percentages at the branching points of the tree (Fig. 1) . 
RESULTS AND DISCUSSION
Cultures of Nocardia strains were subjected to PCR amplification of the gyrB gene region using degenerate PCR primers. Among the 57 Nocardia species initially tested, the gyrB genes of 56 species were amplified. The gyrB gene of Nocardia tenerifensis (IFM 10554 T ) was not amplified appropriately with the primers used. Amplified PCR product sizes were approximately 1200 bp, similar to those of the known partial gyrB sequences of other bacteria. The GenBank accession numbers of the sequences obtained are shown in Table 1 .
The interspecies similarity (percentage of identical nucleotides in the sequence) range of Nocardia gyrB gene sequences in this study was 82.4-99.9 %, corresponding to nucleotide differences of 270-2 nt. We also obtained 16S rRNA gene sequences of the Nocardia species from GenBank and analysed them over a unified length (1350 bp). The interspecies similarity range of the 16S rRNA sequences was 94.4-100.0 %, corresponding to nucleotide differences of 75-0 nt (Fig. 1a) . These data indicated that the divergence degree of the gyrB gene was approximately 3.6 (270/75 bp) times greater than that of the 16S rRNA gene.
The genus Nocardia belongs to the family Nocardiaceae, suborder Corynebacterineae. The suborder currently contains eight genera as the major mycolic acid-containing organisms: Dietzia, Gordonia, Mycobacterium, Nocardia, Rhodococcus, Skermania, Tsukamurella and Williamsia (Stackebrandt et al., 1997; McMinn et al., 2000) . Table 3 shows the intergenus similarity ranges (gyrB and 16S rRNA gene sequences) between the studied Nocardia species and the other seven mycolic acid-containing genera. For the gyrB gene sequences, the intergenus similarities between Nocardia and the other genera were 68.1-87.3 %, with a mean value of 76.1 %. For the 16S rRNA gene sequences, the similarities were 88.9-97.2 %, with a mean value of 93.1 %. These data suggested that the discriminatory power of the gyrB gene is approximately 3.8 times greater than that of the 16S rRNA gene for differentiating Nocardia species from other actinomycetes. From the study of gyrB gene sequences, it was also evident that the genus Nocardia is most closely related to the genus Rhodococcus, followed by Mycobacterium and Gordonia (Table 3) . Because all of these mycolic acid-containing actinomycetes are mutually closely related, and because it is not easy to discriminate them by morphological and biochemical methods, the gyrB sequence information might help the development of a useful laboratory technique for identifying Nocardia and other organisms.
Phylogenetic trees based on gyrB and 16S rRNA gene sequences for the 56 type species of Nocardia studied were constructed using the neighbour-joining method with Rhodococcus koreensis as an outgroup (Fig. 1a, b) . A similar phylogenetic tree was constructed with the amino acid sequences deduced from the gyrB genes (data not shown).
Comparison of the phylogenetic trees based on the gyrB and 16S rRNA genes revealed that the two trees showed similar but not entirely identical phylogenetic relationships for the Nocardia species. However, most bootstrap values of the Nocardia species on the gyrB tree were significantly higher than those on the 16S rRNA gene tree.
Based on interspecies similarities of the gyrB gene sequences greater than 93.5 %, we grouped the 56 Nocardia type strains into a number of clusters (Table 4 ). The first 13 clusters were as follows: cluster 1, Nocardia africana, Nocardia aobensis, Nocardia cerradoensis, Nocardia elegans, Nocardia kruczakiae, N. nova and Nocardia veterana (similarities of 94.1-99.6 %); cluster 2, N. abscessus, Nocardia arthritidis, Nocardia asiatica, Nocardia exalbida and Nocardia pneumoniae (93.6-98.0 %); cluster 3, Nocardia alba, Nocardia cummidelens, 
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Nocardia fluminea, Nocardia soli and Nocardia salmonicida (97.1-99.4 %); cluster 4, Nocardia anaemiae and Nocardia vinacea (97.0 %); cluster 5, Nocardia araoensis and Nocardia beijingensis (97.1 %); cluster 6, Nocardia asteroides, Nocardia neocaledoniensis and Nocardia thailandica (93.6-96.7 %); cluster 7, Nocardia caishijiensis and Nocardia ignorata (97.9 %); cluster 8, Nocardia carnea and Nocardia flavorosea (93.7 %); cluster 9, Nocardia concava and Nocardia seriolae (95.5 %); cluster 10, Nocardia higoensis and Nocardia shimofusensis (95.2 %); cluster 11, Nocardia inohanensis and Nocardia yamanashiensis (96.9 %); cluster 12, Nocardia miyunensis and Nocardia vaccinii (94.7 %); cluster 13, Nocardia sienata and Nocardia testacea (96.3 %). The 13 clusters formed individual clades in the phylogenetic tree based on the gyrB sequences. There were 18 remaining Nocardia type species that had gyrB similarities less than 93.5 % when compared with the remaining species. These 18 Nocardia type strains were only distantly related to the other species, indicating they could easily be discriminated based on their gene sequence information in a phylogenetic study. The results confirmed that gyrB gene sequence information is useful for interspecies discrimination of Nocardia strains, as well as for intergenus discrimination.
High interspecies similarities of the gyrB gene sequences were found among N. soli, N. cummidelens, N. fluminea, N. salmonicida and N. alba. The amino acid sequences deduced from the genes of the first four were identical, whilst the similarities of the 16S rRNA gene sequences in the four species ranged from 97.5 to 99.1 %. According to a published study, however, the four species are distinguishable by, for example, different colony colours (Maldonado et al., 2000) . In addition, the amino acid sequences deduced from the gyrB genes of N. aobensis and N. kruczakiae were identical. These organisms have similar phenotypes in several biochemical tests, but differ in their Phylogenetic studies of Nocardia gyrB gene growth characteristics at 45 u C (Conville et al., 2004; Kageyama et al., 2004c) .
In contrast, although a minimal difference (similarity of 99.5 %) in the 16S rRNA gene sequences has been found between Nocardia paucivorans and Nocardia brevicatena (Roth et al., 2003) , they could clearly be differentiated from each other by gyrB gene analysis, with a similarity of 92.8 % in this study. Other closely related species such as N. carnea and N. flavorosea, with a high 16S rRNA gene similarity of 99.3 % (Roth et al., 2003) , could also be distinguished by gyrB sequence, with 93.7 % sequence similarity (79 nt difference), indicating the usefulness of sequence analysis of gyrB genes in the classification.
N. exalbida was grouped into cluster 2 (with N. abscessus, N. arthritidis, N. asiatica, N. pneumoniae) based on gyrB analysis (Table 4 , Fig. 1b) , although it was grouped with Nocardia xishanensis based on 16S rRNA gene analysis (with a similarity of 98.7 %; Fig. 1a ). Both N. miyunensis and N. vaccinii were grouped into cluster 12 by gyrB gene sequences (with a similarity of 94.7 %; Table 4 , Fig. 1b ), but the two species were separated into different clusters in the phylogenetic analysis of the 16S rRNA gene (with a similarity of 97.2 %; Fig. 1a ). These data showed that some discrepancies exist in the phylogenetic positions of the species based on gyrB or 16S rRNA gene sequences. Therefore, genetic analyses based on other genes might be helpful for establishing a robust taxonomic relationship for Nocardia species. The introduction of comprehensive multilocus strain typing methods might be helpful (Hanafy et al., 2008) .
Within the gyrB nucleotide sequences of approximately 1200 nt analysed in the present study, we found a speciesspecific region of 60 nt, starting at approximately 300 nt from the initiation codon (Fig. 2) . The sequence information from this region of the gyrB gene might help in the design of useful PCR primers for the rapid identification of pathogenic Nocardia species in clinical laboratories.
The introduction of new molecular methods has had an enormous impact on the taxonomy of actinomycetes including members of the genus Nocardia (Kang et al., 2009) . Information from 16S rRNA gene sequences has been used regularly for these studies (Brown-Elliott et al., 2006) . However, the divergence of 16S rRNA gene sequences within Nocardia species is too low to satisfy taxonomic analyses. This study therefore shows the usefulness and limits of gyrB gene sequencing for phylogenetic studies and species identification for members of the genus Nocardia. K. Takeda and others
